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ABSTRACT 
The  distribution  of (Na §  +  K §  ATPase  over the  plasma  membranes  of the 
proximal  convoluted  tubule  from  canine  renal  cortex  has  been  determined. 
Ultrathin frozen sections of this tissue  were stained  with  rabbit antibodies  to this 
enzyme and ferritin-conjugated  goat antirabbit  3,-globulin.  It is demonstrated that 
high  concentrations of this enzyme uniformly line the intercellular  spaces of this 
epithelium. The consequences of this observation are discussed in terms of the low 
resistant tight junctions of these tubules and the isotonic fluid transport which they 
support.  Furthermore,  antibodies to (Na § +  K §  ATPase recognize an antigen  on 
the luminal surfaces  of the tubules within the brush border.  It is proposed that the 
enzyme is present in this region of the plasma membrane as well, although at much 
lower  concentration.  To  further  substantiate  this  conclusion,  a  brush  border 
fraction has been purified from rabbit kidney and been shown to contain significant 
(Na §  +  K  §  ATPase.  These  results  contradict  earlier  conclusions  about  the 
location of (Na §  +  K §  ATPase in this tissue. 
The previous paper in this pair (18) has introduced 
an  approach  to  the  localization  of (Na §  +  K § 
ATPase on the plasma membranes of renal tubule 
cells. The distal nephron was examined, and it was 
demonstrated that high, uniform concentrations of 
(Na +  +  K +)  ATPase  were  found  over the entire 
lateral surfaces of these cells and a low concentra- 
tion  of  the  enzyme  was  present  on  the  luminal 
surfaces. This manuscript will present observations 
made  on  proximal  convoluted  tubules  from  the 
same specimens. The proximal tubule also absorbs 
Na §  but  it  differs  from  the distal  tubule  in  two 
important  respects. The fluid which it generates is 
invariably  isotonic  (2),  and  the  tight  junctions 
present on the luminal side of the epithelium are of 
the  low  resistance  type  (9).  The  distribution  of 
(Na +  +  K +) ATPase  which  has  been  observed in 
the  proximal  tubule  will be discussed  in  terms  of 
these unusual  features. 
MATERIALS  AND  METHODS 
Brush Border Fraction 
Brush  border  fractions  were  purified  from  rabbit 
kidney  by the method  of George and  Kenny  (l 1).  The 
following modifications were introduced. The buffer used 
for homogenization and preliminary differential centrifu- 
gation  was  I 1%  sucrose,  20  mM  sodium  phosphate,  I 
mM  ethylenediaminetetraacetic acid (EDTA),  pH  8.0. 
Resuspension  before  zonal  centrifugation  was  made 
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sucrose  solutions  for gradients were made in this buffer. 
The  buffer  which  was  added  to  the  tissue  fragments 
before the use of the tissue press and which was used for 
the homogenization was brought to 1 mM in iodoaceta- 
mide  and  1  mM  in  phenyl  methyl  sulfonyl  fluoride 
(Sigma Chemical Co., St. Louis, Mo.). The same addi- 
tions  were  made  to  the  buffer  in  which  the  crude 
membranes  were  resuspended  before zonal centrifuga- 
tion.  The  crude  brush  border  fractions  were  run  in  a 
Ti-14 zonal rotor (Beckman Instruments Inc., Palo Alto, 
Calif.)  over  a  continuous  isopycnic  sucrose  gradient 
(35%-53%).  The gradient was a 400-ml exponential one 
(1) constructed with a 460-ml mixing chamber containing 
35% sucrose  into which  65% sucrose  allowed  to flow to 
displace  the exiting fluid.  Sucrose velocity gradients of 
these membranes were run in 5-ml Beckman polyallomer 
tubes  in  a  desk  top  clinical  centrifuge  (International 
Equipment Company, Needham Heights, Mass.) at top 
speed.  Linear  gradients  between  15-30%  were  con- 
structed from a two-chamber gradient maker. 
(Na § +  K +) ATPase assays  were performed on these 
fractions in the usual  fashion  (14) following preincuba- 
tion in 0.4 M KCI, 0.3 mg/ml deoxycholate, 5 mM Tris 
SO~, 5 mM MgSO~, pH 7.6, for 10 min on ice. Activity 
was  determined  by  difference, using  10 -s  M  strophan- 
thidin  as an inhibitor. Trehalase was determined by the 
method of Dahlqvist (8) and alkaline phosphatase by the 
method of Bessey et al. (4). 
RESULTS 
The observations presented here of the distribution 
of antigenic  sites  related  to (Na §  +  K §  ATPase 
over the  surface  of the  plasma  membrane  of the 
renal  proximal  tubule  cell  are  based  on  electron 
micrographs  obtained  from  the  same grids exam- 
ined  in  the  first  paper  of this  pair  (18).  For that 
reason,  no  further  description  of  the  antibodies 
employed or other procedures  will be presented. 
Antiholoenzyme  Antibody 
A  low  power  micrograph  of a  cross-section  of 
proximal  tubule  located  in  an  ultrathin  frozen 
section  is  presented  in  Fig.  1.  A  low  power 
micrograph  of  an  Epon  section  from  the  same 
canine cortex is presented as Fig. 2. The basement 
membranes  are  at  the  lower edges  of the  micro- 
graphs;  the  lumens,  filled  with  microvilli,  at  the 
tops.  Numerous  intercellular spaces  are  observed 
in  the  center  of  the  cytoplasm  (arrows).  Tight 
junctions can be observed along the luminal border 
of the epithelium. 
When  sections  which  have  been  stained  with 
antiholoenzyme  antibody  are  examined  at  higher 
power,  it  is  observed  that  high  concentrations  of 
ferritin  lie along  the  intercellular  spaces  between 
the  mitochondria  (Fig.  3).  An  intercellular space 
can  be seen entering at bottom  center and exiting 
at the right (arrows) after circling the center of the 
field.  This  space  is  filled  with  ferritin.  Plasma 
membranes  can  be seen  more clearly in proximal 
tubule cells and  appear  as faint white lines. When 
antiholoenzyme antibody is preincubated  with pu- 
rified (Na +  +  K §  ATPase, staining is eliminated 
(Fig.  4).  The  random  clumps  of ferritin  in  these 
images  (circles)  may  be  antigen-antibody  micro- 
precipitates  which  result  from  the  preincubation. 
The staining extends uniformly along the intercel- 
lular spaces and also along the plasma membranes 
adjacent  to  the  basement  membrane  (Fig.  5).  In 
this figure, a  band  of ferritin (arrows) can be seen 
descending  along  an  intercellular  space  and  then 
out  along the plasma  membrane  over the bottom 
surface of a  cell. 
Staining  with  antiholoenzyme  antibody  is  also 
observed on the microvilli at the luminal surfaces 
of the  cells (Fig.  6).  This  is eliminated  when  the 
antibody is preincubated with purified (Na § +  K § 
ATPase (Fig. 7). The pattern of staining is uniform 
and  clearly parallels the plasma  membrane  of the 
villi, indicating that  the surface  of the cells is the 
location of the antigen.  When  a  larger field at the 
top of the cells is examined (Fig. 8), it can be seen 
that  the heavy staining  of the intercellular  spaces 
runs  up  to  the  tight junctions  (arrows),  abruptly 
ceases  throughout  their  length,  and  less  concen- 
trated  staining  begins  just  above  them  on  the 
microvilli in the lumen. Fig. 9 is an enlargement of 
a  field from  Fig. 8 containing two tight junctions. 
The dense packing of the ferritin in the intercellu- 
lar space  immediately adjacent to these structures 
(arrows)  should  be  compared  with  the  rather 
sparse  staining  of  the  microvilli  which  fill  the 
lumen. 
The region marked by an oval in Fig. 8 is one in 
which  an  intercellular  space  lies  almost  perpen- 
dicular  to  the  plane  of the  section  and  ferritin  is 
very  tightly  packed.  The  pattern  observed  here 
again suggests that the majority of the antiboloen- 
zyme antibody  is attached  to the external surface 
of the plasma  membrane  in sections (18). 
The  conclusions  drawn  from  these  results  are 
that  the plasma  membranes  which form the inter- 
cellular spaces  contain  a  uniform  high concentra- 
tion  of antigenic  sites  recognized  by  antiholoen- 
zyme antibody,  and that this dense distribution  of 
antigens  is  discontinuous  with  one  of a  uniform 
lower  concentration  over  the  brush  border,  and 
KvrE  Immunoferritin Determination of ( Na  + + K +) A TPase Distribution. 11  305 FIGURE  1  Ultrathin frozen section  through a proximal convoluted tubule from canine kidney.  Basement 
membrane (BM),  tight junctions (TJ)  and lumen (L) are clearly seen below and above the central cytoplasm 
of the tubular epithelium. An intercellular space  is indicated  by an arrow,  x  4,300. 
FIGURE  2  Epon  section  through  a  proximal tubule  from  same cortex as that  of Fig.  1.  The  figure  is 
similarly oriented and  identically labeled  for comparison purposes,  x  8,000. 
that  the  discontinuity  is  formed  by  the  tight 
junctions. 
Anti-Large Chain Antibody 
Sections  of  tissue  fixed  in  2%  formaldehyde 
overnight  were stained  with  anti-large chain  anti- 
body.  Fig.  10  is  a  field  in  a  proximal  convoluted 
tubule and Fig.  11, a distal convoluted tubule in the 
same  grid  square.  Circles  highlight  a  few  of the 
ferritin  molecules  on  the  proximal  tubule  section 
(Fig.  10), and arrows point out intercellular spaces. 
Although  the  intercellular  spaces  of  the  distal 
tubule  are  strongly  stained,  those  of the  proximal 
tubule  show  no  significant  staining  above  back- 
ground. 
Brush Border 
The  antiholoenzyme  antibody  contains  3'- 
globulins that  are directed  to  the small chain  and 
the  large chain  of (Na §  +  K §  ATPase (18).  The 
results of the ferritin staining with antiholoenzyme 
antibody demonstrate  that  at least the small chain 
of the enzyme is present on the brush border of the 
canine  proximal convoluted tubule.  It  is possible, 
however,  that  only  the  small  chain  is  present,  in 
which case no enzyme activity would be expressed 
in  this  region  of  the  cell.  In  order  to  provide 
biochemical evidence that  intact,  functional  (Na § 
+  K §  ATPase  is  present  in  this  region,  brush 
border was purified from rabbit renal cortex by the 
procedure  of George and  Kenny (1 I). This proce- 
306  THE JOURNAL OF CELL  BIOLOGY  -  VOLUME  68,  1976 FIGURE  3  Field from the central, cytoplasmic region of proximal tubular epithelium in an ultrathin frozen 
section  which  has  been  stained  with  antiholoenzyme  )`-globulin.  Arrows  point  out  the  track  of  an 
intercellular space,  x  50,000. 
FIGURE  4  Similar field from a section which has been stained with the same concentrations of)`-globulin 
and ferritin-conjugated goat antirabbit ),-globulin as in  Fig.  3.  Antiholoenzyme )`-globulin, however, was 
preincubated with purified (Na +  +  K +) ATPase. Circles surround random clumps of ferritin,  x  50,000. 
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only change introduced was to  use a  continuous 
isopycnic gradient during the final step. In prelimi- 
nary experiments, (Na  +  +  K §  ATPase activity 
was found in brush border fractions as long as they 
were assayed within a day following sacrifice of the 
animal. If these fractions were  assayed after two 
days,  no activity remained (Table I).  In order to 
prevent this instability of the enzyme, a  series of 
steps was instituted to prevent proteolytic activity, 
which is assumed to be mainly due to the release of 
cathepsins (12). During the purification procedure, 
buffers were used which had pH of 8.0, lacked CI-, 
and  contained  10 -s  M  EDTA.  At  several  steps 
during the  purification, including the  initial ho- 
mogenization, the preparation was made  1.0 mM 
in  iodoacetamide and  1.0  mM  in phenyl methyl 
sulfonyl fluoride.  In this way,  it  was  possible to 
obtain a  brush border preparation in which (Na § 
+  K §  ATPase  activity  was  completely  stable 
(Table I). 
The distribution of brush border fragments on 
sucrose gradients can be determined by measuring 
trehalase and alkaline phosphatase (1 I). It can be 
seen  that  these  activities  migrate  coincidentally 
when  the  partially  purified  cell  fragments  are 
sorted  either on the  basis of density (Fig.  12) by 
isopycnic centrifugation, or by sedimentation coef- 
ficient (Fig.  13) in a velocity gradient. 
When  brush  border  fragments  were  partially 
purified from rabbit kidney and run on an isopyc- 
nic  zonal  gradient,  centrifuged  to  equilibrium, 
those  fractions containing the brush border frag- 
ments, as judged by marker enzyme activities, also 
contained significant (Na*  +  K §  ATPase (Fig. 
12). When the fractions indicated by the bar in Fig. 
12  were  pooled,  concentrated,  and  run  on  a 
sedimentation velocity gradient, at least 60% of the 
(Na §  +  K §  ATPase activity cosedimented with 
brush  border  fragments (Fig.  13)  whose  position 
was determined by marker enzymes. The remain- 
ing  40%  was  concentrated  at  the  top  of  the 
gradient,  presumably  associated  with  much 
smaller fragments. These results demonstrate that 
a fraction of the (Na + +  K §  ATPase present in a 
homogenate of rabbit renal cortex  has  the same 
density  and  sedimentation  coefficient  as  brush 
border  fragments  and  is  therefore  presumably 
located upon those fragments. 
When fractions 25  28 from the zonal gradient 
(Fig.  12) were  pooled, concentrated, and preincu- 
bated  with  0.3%  deoxycholate  in 0.4  M  KCI  in 
order to improve substrate access  to (Na §  +  K § 
ATPase, it was found that the specific  activity of 
the material was 20 tLmol Pl/mg h. When the pure 
enzyme is incubated with the same concentrations 
of iodoacetamide and phenyl methyl sulfonyi fluo- 
ride used during the purification of brush border 
fragments,  it  lost  50%  of  its  activity.  Since  the 
brush border fragments were exposed twice to the 
inhibitors,  a  minimum  estimate  of  the  initial 
specific activity of the brush border in the proximal 
tubule is 40 tLmol Pt/mg h.  Under similar assay 
conditions, the specific activity of the pure enzyme 
is 650 nm PJmg h (16). 
DISCUSSION 
The proximal convoluted tubule reabsorbs 70% of 
the  Na § and water from the urine in an isotonic 
fashion (2)  as  well  as  80%  of the  K +  (20).  The 
Na §  and water  fluxes are  completely eliminated 
by the addition of ouabain (5,  26).  The counter- 
ions  in  this  process  are  HCOs-  and  C1-.  In 
addition, sugars and amino acids are  reabsorbed 
in  a  Na+-dependent  fashion  (13).  The  situation 
in the proximal tubule is similar to that in the dis- 
tal tubule except  for the  fact that the tight junc- 
tions  of  these  cells  have  significant permeabil- 
ity  to  ions,  e.g.  they  are  of  the  low  resistance 
FIGURE 5  Field  from the basal region of a proximal tubule in an ultrathin frozen section stained with 
antiho|oenzyme "),-globulin.  The basement membrane (BM) and mitochondria (M) are identified. Arrows 
indicate a band of ferritin descending  along an intercellular space and then over the basal plasma membrane 
of a tubule cell. ￿  50,000. 
FIGURE 6  Field  from the lumen of a proximal tubule in an ultrathin frozen section which has been stained 
with antiholoenzyme T-globulin. ￿  50,000. 
FIGURE 7  Similar field from a section which has been stained with the same concentrations of T-globulin 
and ferritin conjugate as in Fig. 6. Antiholoenzyme T-globulin, however, was preincubated with purified 
(Na + +  K  +) ATPase. /  50,000. 
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ends of two intercellular spaces.  Lumen (L) and tight junction (TJ) are identified.  ￿  80,000. 
type (26).  It has already been noted (18) that the 
morphology  observed  in  cross-sections  of  the 
proximal  tubule is  the  result  of the  complex ex- 
pansion of a  rather  simple system of intercellular 
spaces  represented  diagrammatically in  Fig.  14. 
Antigenic sites  in  the  proximal  convoluted tu- 
bule which are recognized by the antiholoenzyme 
antibody can  be  readily located  (Fig.  3) but sites 
accessible to (18) and recognized by the anti-large 
chain antibody are present at concentration below 
the  sensitivity  of the  staining  method  (Fig.  10). 
Since these two  antibody solutions, when present 
at  saturating  concentration,  elicit  approximately 
the  same  density  of  staining on  purified  plasma 
membranes (17), the sites to which anti-large chain 
"v-globulins are  directed  are  very  likely sterically 
hindered  in  the  section  as  discussed  previously 
(18).  It is known that the concentration of(Na §  + 
K §  ATPase  in  the  proximal  convoluted  tubule 
is five times less than that in the distal tubule (27). 
This is consistent with the difference in anti-large 
chain antibody staining displayed in  Figs.  10 and 
I1.  Nevertheless,  since  all  previous  results  agree 
that  there  is  a  significant (Na §  +  K §  ATPase 
concentration  in  the  basal  portions  of the  renal 
proximal  tubule  (28),  it  is  concluded  that  the 
staining observed with antiholoenzyme antibody in 
this region reflects the presence of the enzyme and, 
further,  that  the  enzyme  is  distributed  continu- 
ously along the intercellular spaces. 
The following description of sodium fluxes in the 
proximal convoluted tubule is essentially an abbre- 
viated version of an elegant quantitative treatment 
presented  by  Spring  (33)  for  Necturus  proximal 
tubule.  (Na §  +  K §  ATPase,  located  along  the 
borders  of the  intercellular spaces,  is  responsible 
for a  large net flux of Na §  into those spaces such 
that,  in  the  absence  of compensating water  flux, 
large concentrations of NaCI and NaHCOs would 
be created within them. The net flux of Na § across 
the  epithelium  results  from  the  balance  of  four 
fluxes (Fig.  14): 
JNaa.,  =  JNa~.~ -  JNat,.~  =  JNa~.,  -  JNa,.c 
where  JNa,.,  =  net  flux  of  Na +  from  lumen  to 
serum; JNa,.c =  net  flux  of Na +  from  lumen into 
cell; JNa,,.,  =  net  flux  of Na +  from  intercellular 
spaces  into lumen; JNa,,.,  =  net flux of Na + from 
intercellular spaces  into  serum;  and JNa,.c  =  net 
FIGURE 8  Field  from  the  luminal side  of proximal tubular epithelium in an ultrathin frozen  section 
stained  with  antiholoenzyme "y-globulin. Tight junctions are indicated  by arrows.  The oval highlights  a 
segment  of intercellular space oriented normal to the plane of the section.  ￿  40,000. 
KYTE  lmmunoferritin  Determination  of (Na + + K §  A TPase Distribution.  11  311 FIGURE  10  Field  from  the central  cytoplasmic  region  of proximal  tubular  epithelium  in  an  ultrathin 
frozen section stained with antilarge chain y-globulin. Arrows indicate intercellular spaces; circles, random 
background ferritin.  ￿  50,000. 
FIGURE  l l  Field from the central cytoplasmic region of distal tubular epithelium, in the same section as 
Fig.  lO, stained with anti-large chain 3,-globulin.  ￿  50,000. 
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FIGURE  12  Distribution  of enzymatic activity over an  isopycnic density gradient. Crude brush border 
fraction was purified by a modification of the method of George and Kenny (11). This material was layered 
onto a sucrose gradient in a  14-Ti  rotor and spun at 37,500 rpm for I h. The gradient was then pumped out 
of the  rotor  and  fractions  assayed  for  A=so (r-1  r'l)  (mainly  light  scattering),  trehalase  (O  O), 
alkaline phosphatase (A  A) and (Na §  +  K §  ATPase (~  (~). Sucrose concentrations (wt/wt) of 
selected fractions were: 20, 37.4%;  30, 40.0%; and 40, 41.9%. The bar indicates the location of fractions 
pooled for sedimentation velocity analysis. 
flux of Na +  from  serum into cell. The fluxes are 
written in their most probable physiological direc- 
tion. The  active  flux of Na +  into the intercellular 
spaces catalyzed by (Na +  +  K +) ATPase does not  ,~  ~" 
TABLE  I  ~  40--  ?C 
Specific Activity of Brush Border Fractions as a 
Function of Storage  Time  ~, 
~-20  ~  I(-  o 
Days after preparation  1  2  5  ~= 
(Na +  +  K +) ATPase  ": 
~mol/Pl)/(mglh) 
Normal conditions  20  3 
Cathepsins inhibited  30  20 
Brush  border  fractions  were  prepared  by  isopycnic 
centrifugation. A  region similar to that indicated by the 
bar in  Fig.  12 was pooled, diluted, and concentrated by 
centrifugation.  The  brush  border  fragments  obtained 
were stored in 1 l%,sucrose, 10 mM MgSO~, 10 mM Tris 
SO~,  pH  7.6  at  4~  Samples were taken  for assay at 
noted  times.  Brush  border  fragments  prepared  under 
normal conditions ( 11 ) are compared with those prepared 
under conditions which minimize cathepsin activity. 
i  ,/o l  oo  ~_ 
§ 
E 
B 
FIGURE  13  Sedimentation  velocity  analysis  of  brush 
border fragments. The fractions indicated in Fig. 12 were 
pooled, diluted,  and  concentrated by centrifugation.  A 
sample of this material was layered onto a  15-30% linear 
sucrose gradient which was spun at full speed at 4~  in a 
clinical centrifuge. The tube was punctured, and fractions 
were  collected.  They  were  assayed  for  trehalase 
(&  A),  alkaline  phosphatase  (r'l  r-I),  and  (Na + 
+  K +)  ATPase  (O  O).  The  letter  B  in  the  figure 
marks the bottom of the gradient. 
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FIGURE 14  Diagrammatic portrayal of the Na + fluxes 
in a transporting epithelium. The fluxes described in the 
text are indicated  by arrows.  The hatched arrow denotes 
active  Na +  flux.  Relative  sodium  concentrations  are 
denoted (not quantitatively) by the size of the lettering. 
appear  in  the  equation  because  it  occurs entirely 
within the epithelium.  Each  one  of these fluxes is 
the  result  of  an  electrochemical  gradient  and  a 
conductance.  The  conductances  are  those  of the 
luminal cell membrane,  the spaces themselves and 
the  tight junction,  the  spaces  themselves  and  the 
basement  membrane,  and  the  serosal  cell  mem- 
brane.  Each of these conductances can be develop- 
mentally controlled by the organism.  In the case of 
the  proximal  convoluted  tubule,  the  conductance 
of  the  luminal  plasma  membrane  to  Na §  is 
greater  than  that  of the serosal,  and  the conduct- 
ance of the spaces and the basement  membrane  is 
presumably  greater  than  that  of  the  spaces  and 
tight junction (33).  As a  result, the net flux of Na + 
is  from  the  lumen  to  the  serum.  Nevertheless,  it 
should  be noted that the net flux of Na + is always 
the  balance  of several  opposing  fluxes  which  are 
occurring at  all times. 
The  only  ions  present  at  significant  concentra- 
tions in the intercellular spaces are Na +, CI-, and 
HCOs-,  since  K +  is  being continuously taken  up 
into the cells. As a  result, it is NaCI and NaHCO3 
which  exit  from  the  spaces  in  both  directions. 
These  considerations  can  explain  several unusual 
physiological  observations.  When  intestinal  epi- 
thelium  is  incubated  with  choleragen,  the  uni- 
directional  flux  of Na §  from  lumen  to  serum  is 
decreased  while  the  unidirectional  flux  of  Na + 
from  serum  to  lumen  remains  the  same  (22). 
The  result  is  to  reverse  the  net  flux  and  create  a 
net  secretion  of  NaHCOa  and  NaC1  from  the 
serum to the lumen, which  is completely inhibited 
by  ouabain  (23).  It  can  be  seen  that  the  effect 
of choleragen  can  easily  be  achieved  in  a  trans- 
porting  epithelium  by  simply  eliminating  JNat,c 
The  consequence  is  net  secretion  of  NaHCOs 
and  NaCI  from  the  serum  to  the  lumen  through 
the tight junction. This secretion  of Na + is occur- 
ring even under normal circumstances and may be 
satisfying the requirement for luminal Na +  in the 
uptake  of  sugars  and  amino  acids  (30).  In  a 
similar  fashion,  it  can  be  seen  that  by  a  simple 
alteration of the various conductances for Na + and 
water  the  epithelium  can  be  made  to  secrete  a 
NaCI  solution  of  high  concentration  from  the 
serum  to  the  lumen,  through  the  tight  junction. 
The  salt  gland  of  certain  marine  birds  is  an 
epithelium  which  is able to generate such  a  secre- 
tion (29). 
The above discussion has assumed  that the only 
significant active Na + flux is that into the intercel- 
lular  spaces  catalyzed  by  (Na +  +  K +)  ATPase. 
Although it will be argued  later that  (Na +  +  K +) 
ATPase  is present  on the luminal surface of these 
cells, it is apparently  present  in  these regions at a 
lower concentration (Figs. 8 and 9) and at a much 
greater  distance  from  mitochondrial  sources  of 
MgATP  (Fig.  2) compared  to  the enzyme at  the 
intercellular  spaces.  (Na +  +  K +)  ATPase  is  also 
located  in  the  regions  of  the  plasma  membrane 
adjacent  to the basement  membrane  of the tubule 
(Fig. 5). The surface area of this portion of the cell, 
however,  is  small  compared  with  that  of  the 
intercellular  spaces,  and  it  is  separated  from 
mitochondrial  sources  of  MgATP  by  the  basal 
labyrinth  (Fig. 2). 
The  fluid  which  emerges  from  the  intercellular 
spaces  into the  serum  in  the proximal convoluted 
tubule  is  invariably  isotonic  (2).  Presumably  the 
active flux of Na + (and the accompanying CI- and 
HCO3  )  into  these  spaces  creates  a  standing 
osmotic  gradient  which  promotes  a  coordinate 
water  flux, as described  by  Diamond  and  Bossert 
in  their  mathematical  model  (10),  such  that  an 
isotonic  NaCI  solution  emerges  into  the  serum. 
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makes,  with  regard  to  isotonically  transporting 
epithelia such  as the  proximal tubule, is that  the 
sites of active solute transport will be confined to 
regions  of the  intercellular spaces  near the  tight 
junctions  and  distant  from  the  openings  at  the 
basement  membrane.  This  arrangement  allows 
fluid  within the  spaces  to  reach  osmotic equilib- 
rium with the interior of the cell before it emerges 
into the  plasma. The  observations presented here 
demonstrate that the ferritin staining which results 
from  the  attachment  of ,y-globulins which  recog- 
nize  (Na +  +  K §  ATPase  is  distributed densely 
and uniformly over the plasma membranes which 
form  the  intercellular  spaces  of  the  proximal 
tubule (Fig. 5).  It has already been pointed out that 
when  antigens  are  present  in  regions  on  these 
sections  at  concentrations  in  excess  of a  certain 
saturation  level,  discrimination  between  differ- 
ences  in  actual  concentration  no  longer  occurs 
(18).  Nevertheless,  because  no  obvious  nonuni- 
formity of staining is observed in these regions, it is 
assumed  that  (Na §  +  K +)  ATPase  itself is  uni- 
formly  distributed  over  the  plasma  membranes 
which form the intercellular spaces of the proximal 
convoluted tubule. This would be consistent with 
present views that membranes are fluid structures 
in which membrane-bound proteins diffuse rapidly 
over the surface in the absence of constraints (32). 
Furthermore it has been demonstrated that (Na § 
+  K §  ATPase  is  uniformly distributed over the 
plasma  membranes  which  form  the  intercellular 
spaces  of the distal tubule (18).  If this is also the 
case in the proximal tubule, it is difficult to explain 
the  invariable isotonicity of the emerging fluid by 
utilizing the  parameters  chosen  by  Diamond and 
Bossert (10). The mathematical model which they 
describe  predicts  that  the  fluid  secreted  by  an 
epithelium becomes progressively more hypertonic 
as the distribution of solute flux is spread over the 
intercellular space. Several possible resolutions of 
this difficulty should be considered. 
(a)  Since  all  intercellular  space  is  continuous 
with  a  tight  junction,  there  may  be  significant 
water  flux  from  the  lumen  into  the  intercellular 
space  and  Na §  backflux  from  the  intercellular 
space  into the  lumen across these  structures such 
that  the  solution within the  spaces  is  brought  to 
isotonic equilibrium more rapidly. Those epithelia 
which transport fluid isotonically usually have low 
resistant tight junctions (9). 
(b) It is possible that the water permeability of 
the plasma membranes which bound the intercellu- 
lar  spaces  is  much  greater  than  was  originally 
thought.  Wright  et  al.  (36)  have  recently  dem- 
onstrated  that  previous  measurements  of  water 
permeability across the gall bladder were actually 
lower limits of the true value due to the presence of 
sweeping away effects which occur in the unstirred 
layers adjacent to the epithelium. Furthermore, the 
value  for  water  permeability  across  an  entire 
epithelium, even corrected for unstirred layers, can 
be  used  to  calculate  only  a  lower  limit  to  the 
permeabilities  of  the  various  membranes  which 
compose the epithelium. If the plasma membranes 
which  form  the  intercellular  spaces  are  more 
permeable to  water than the  luminal membranes, 
only the latter contribute significantly to measure- 
ments of the overall permeability. 
(c)  The  distribution  of  mitochondria  in  the 
cytoplasm may significantly affect  the  flux densi- 
ties at the plasma membrane, causing far greater 
fluxes to occur in the central regions of the cell. In 
the  proximal tubule between those  regions of the 
intercellular  spaces,  which  are  in  direct  contact 
with  the  mitochondria,  and  the  basement  mem- 
brane,  there  is  an  extensive  labyrinth  which  is 
simply  a  final  anastamosis  of  the  intercellular 
space (3). The result of this device is to increase the 
amount of cellular surface area between the mito- 
chondria  and the  basement membrane.  If,  in the 
steady  state,  significant  Na +  flux  occurs  only 
adjacent  to  mitochondria,  and  their  supply  of 
MgATP, ~ this morphological structure allows the 
intercellular  space  to  have  a  significant  surface 
area,  beyond  the  sites  of  cation  transport,  over 
which osmotic equilibrium can be  reached.  It has 
Rat kidney mitochondria are capable of producing,  at 
37~  and at  saturation of MgADP, 200 nmol of ATP 
mg -1 min  -~ (19, 31). Mitochondria are 50% by weight 
protein, proximal tubule epithelium is 20%  by volume 
mitochondria  (Fig.  2),  and  rat  proximal  tubule  is  a 
cylinder 50 ttm in diameter (28) with a wall 15 ttm thick 
(3).  (Na +  +  K +)  ATPase  will  transport  3  Na +  per 
MgATP produced  within the mitochondrion (18). From 
these  measurements it  can  be  calculated  that  the  rat 
proximal  tubule can  transport  0.8-nl  isotonic  solution 
mm-1 min-l. It has been observed that a rabbit proxi- 
mal  tubule can  transport  1-2  nl  mm -~  rain  -1  under 
optimum condition (5). These  calculations suggest that 
the production of MgATP by the mitochondria could be 
the rate limiting step in fluid transport and therefore  it 
would  not  be  unreasonable to  postulate  a  significant 
gradient in (MgATP) as a function of the distance from 
these organelles. 
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gall  bladder there  is  a  definite gradient  of mito- 
chondria,  the  more  luminal regions  of  the  cells 
containing the higher concentration (34). 
(d) In an early model for active water transport, 
proposed by Curran (6), it was demonstrated that a 
system composed of two membranes in series, the 
first  permiselective and the second porous,  could 
couple  fluid  transport  from  one  reservoir  to  an- 
other  to  an  active  flux  of  solute  into  the  space 
between  them  (7).  The  basolateral  plasma  mem- 
branes  correspond  to  the  permiselective  barrier 
and the basement membrane to the porous one. In 
a  mathematical examination of this model, Patlak 
et al. (2 I) has demonstrated that this system would 
generally transport  hypertonically but, under cer- 
tain  circumstances  (if  ~  of  the  permiselective 
membrane ~  1), flows that are almost isotonic can 
be  generated.  Even in the  regions where  (Na +  + 
K +)  ATPase  lies directly  opposite  the  basement 
membrane  (Fig.  5),  isotonic  fluxes  may  still  be 
generated  if this two-membrane model is applica- 
ble to these circumstances. 
It  can  be  seen  in  Figs.  8  and  9  that  the  tight 
junction forms a boundary between two regions of 
the plasma membrane of the proximal tubule cell 
which  are  stained  with  a  different  intensity  by 
antiholoenzyme antibody. A  more striking differ- 
ence  in  staining  intensity  between  luminal  and 
basolateral surfaces was observed when sections of 
the distal tubule were exposed to anti-large chain 
antibody  (18).  Antiholoenzyme  antibody  reacts 
mainly with antigens on the external surface of the 
plasma membrane in thin sections (Fig. 8) (18).  it 
has been demonstrated that the glycocalyx on the 
brush border of the renal proximal tubule is more 
dense than that  on the  plasma membranes which 
form the intercellular spaces (25). A difference, on 
the two sides of the cell, in steric hindrance to the 
binding of the antibody to the external surface of 
the  membrane  may,  therefore,  contribute  to  the 
differences in density of staining observed. Never- 
theless, there appears to be a  lower concentration 
of  antigens  recognized  by  antiholoenzyme  anti- 
body  on  the  luminal surface than the  basolateral 
surface, and this difference sharply coincides with 
the discontinuity formed by the tight junction (Fig. 
9).  If  (Na +  +  K +)  ATPase  is  free  to  diffuse 
translationally over the plasma membranes of the 
proximal tubule cells, the  polarity of the enzyme 
distribution must  be  maintained  by  a  barrier  to 
diffusion which is presented by the tight junction. 
A  similar conclusion has  been  reached  by  Revel 
who has shown that discontinuities in the distribu- 
tion  of surface carbohydrate  and  intramembrane 
particles occur at tight junctions (25). 
The staining observed at the luminal surface of 
the  proximal tubule cells within the brush border 
when  antiholoenzyme antibody  is  used  as  a  pri- 
mary  ligand  (Fig.  6)  indicates  that  at  least  the 
small chain of the (Na §  +  K +) ATPase is present 
in this region (18). Although the proximal tubule is 
responsible  for  80%  of the  K §  uptake  from  the 
urine  (20),  this  observation  cannot  be  used  to 
clarify  the  question  of  whether  (Na +  +  K +) 
ATPase  is  located  on  the  luminal surface  of the 
cell because the situation is complicated by the low 
resistance  of the  proximal  tubule  tight junction. 
The  net  flux  of  K §  which  occurs  across  the 
proximal  tubule  must  occur  either  through  the 
tight junction or across the luminal plasma mem- 
brane.  Since  the  electrical  potential  across  the 
epithelium  is  negligible there  would have to  be  a 
significant K + concentration gradient between the 
lumen and the intercellular space, to drive K + flux 
across the tight junction. In this case, the concen- 
tration  of  K +  in  the  intercellular space  must  be 
much less than 4 mM  (20). This is not impossible 
since (Na + +  K +) ATPase is actively removing K + 
from  the  space.  If K + concentrations are  of this 
order,  however, the efficiency of the enzyme may 
be  lowered  since  it  would  be  operating  below 
saturation (K,,K+ = 0.7 mM |  100 mM Na+)(15). 
On  the  other  hand,  if  K +  is  absorbed  across 
the  luminal  plasma  membrane,  (Na"  +  K +) 
ATPase  must be located within it.  It can be seen 
that there is no definite physiological requirement 
for  the  presence  of (Na +  +  K +)  ATPase  at  the 
luminal plasma membrane in this tubule. 
In  general,  brush  border  fractions  which  have 
been  purified  from  the  kidney  have  contained 
significant (Na + +  K +) ATPase activity (I I). The 
major evidence against the presence of significant 
concentrations  of  (Na +  +  K +)  ATPase  in  the 
brush border is based on the microdissection study 
(28). These experiments, however, suffer from two 
difficulties.  It  has  been shown that  (Na +  +  K +) 
ATPase activity in brush border fractions is sensi- 
tive to proteolytic inactivation (Table I).  Further- 
more,  since brush  border  is  a  complicated  mem- 
brane system, and substrates must approach (Na + 
+  K +)  ATPase  from  opposite  sides  of the  mem- 
brane, access of substrates to the enzyme may be 
inhibited  if  these  preparations  contain  resealed 
membranes.  In order  to  overcome  these  difficul- 
ties,  purification of brush border  was  carried  out 
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zymes  (Table  I).  The  assay  was  performed  on 
preparations  incubated  with deoxycholate to open 
up the membranes to substrate. With these precau- 
tions,  it is demonstrated  that a significant fraction 
of the (Na §  +  K §  ATPase activity migrates with 
the same density  and  sedimentation  coefficient as 
brush  border  membranes  and  is presumably  pres- 
ent  in  them  (Figs.  12  and  13).  A  criticism of this 
conclusion  is that  basolateral  plasma  membranes 
of high specific activity may still contaminate these 
fractions due to their similar physical properties or 
to  their  direct  attachment  to  the  brush  border 
fragments.  A  way to  resolve this difficulty would 
be  to  demonstrate  immunochemically  that  the 
majority of the (Na §  +  K §  ATPase molecules in 
these  fractions  was  attached  to  brush  border 
regions.  This  could  be  accomplished  by  staining 
these membrane fragments with antibodies against 
the enzyme and  ferritin conjugate.  Unfortunately, 
the  procedure  of  George  and  Kenny  yielded  no 
brush  border  fraction  (determined  enzymatically 
and  visually) when  it  was  applied  to canine  renal 
cortex. 
From  the  observed  specific activities  it  can  be 
calculated  that  5-10%  of  the  protein  in  brush 
border  fractions  is  (Na §  +  K §  ATPase.  If the 
distal  tubule  intercellular  spaces  are  lined  with 
pure (Na + +  K +) ATPase and the proximal tubule 
spaces  are  lined  by  membranes  which  have  no 
more  than  a  fivefold  lower  concentration,  the 
brush border of the proximal tubule should contain 
more than a four times lower (Na § +  K §  ATPase 
concentration  than  the intercellular spaces. These 
rough  estimates  are  consistent  with  the  pattern 
observed in  Fig. 8. 
It  is not an  unusual  result  to  find  (Na +  +  K +) 
ATPase  on the mucosal surface of a  transporting 
epithelium since it has been shown both autoradio- 
graphically  and  physiologically that  high  concen- 
trations  of  the  enzyme  are  located  along  the 
mucosal  surface  of  the  choroid  plexus  (24,  35). 
Furthermore,  in  epithelia  such  as  the  insect  mal- 
pighian tubule, mitochondria are found within villi 
(3),  presumably  feeding  (Na +  +  K +)  ATPase 
located there,  lf(Na §  +  K §  ATPase is located in 
the brush  border of renal proximal tubules,  it may 
be  involved in  K §  reabsorption  (20).  It  also  may 
guarantee  that  the concentration  gradient of Na § 
across  the  luminal  plasma  membrane  remains 
large  enough  to  insure  net  uptake  of sugars  and 
amino acids (30). 
These  results,  obtained  with antibodies to (Na + 
+  K +)  ATPase,  approach  the  problem  of  renal 
absorption  from a different perspective than phys- 
iological  measurements.  From  knowledge  of the 
distribution  of an enzyme which  catalyzes a  well- 
defined chemical reaction, certain chemical conse- 
quences can be predicted.  Models of renal absorp- 
tion must be consistent with these chemical conse- 
quences. 
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